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ABSTRACT 
   
Since offshore wind turbines continually increase in size and move to deep water depths (>25 m), 
significant wave loading becomes a major concern for their design. A monopile foundation is one of 
the most commonly used types of the offshore wind turbine foundations today. This solution, 
however, becomes not very cost-effective in deep water depths. Therefore, it is essential to find 
some alternative economically efficient solutions. This paper presents an experimental study of 
wave loading on several shapes of transition pieces (TPs) used to transfer the loads from a 5 MW 
offshore wind turbine to a bucket foundation (suction caisson) located at 35 m water depth in the 
North Sea. Several models of the TPs (wedge-shaped steel flange-reinforced shear panels, conical 
and doubly curved with or without cutaways) are tested in a wave flume and compared with respect 
to wave loading. Due to a larger size of the suggested TPs compared to a typical slender monopole 
foundation, wave loads acting on these TPs are also expected to be considerably higher and much 
more difficult to predict. The results of the present investigation can be further applied for other 
wind turbine types. 
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1. Introduction 
 
The bucket foundation (suction caisson) is a well-known concept from the oil and gas industry, 
where it has been used for more than 30 years for oil platforms installed in the North Sea. Recently, 
this concept has been introduced in the offshore wind industry as an environmentally-friendly 
alternative to other types of wind turbine foundations. However, when implementing the bucket 
foundation concept to offshore wind turbines, special consideration must be given to loading 
conditions which are significantly different from jacket structures used within the oil and gas sector.  
Thus, offshore structures in the oil and gas industry are typically multi-legged structures acting 
mainly in compression−tension (so-called “push−pull” action). On the contrary, for offshore wind 
turbines on suction bucket monopods or caisson-based multipods, the resulting horizontal loading 
from wind and waves can be 50−150% of the vertical loading, thus creating large overturning 
moments on bucket foundations.  
Moreover, installation of a bucket foundation requires only a small vessel floating it on site. 
Penetration the foundation into the seabed is partially performed by its self-weight and partially by 
suction created by a pump used to evacuate the water inside the bucket. A water flow is generated 
in the subsoil as a side effect of the reduced pressure inside the bucket, which leads to a reduction of 
the effective stresses near the tip of the skirt, consequently resulting in easier penetration. The 
suction pump is the only source of underwater sound emission, which is not comparable to a high-
noise impact of hydraulic hammers and drill drives used, for example, for installation of monopile 
foundations. Therefore, this installation technique does not produce underwater noise of impulsive 
nature which can potentially be harmful for marine mammals, making it advantageous compared to 
other types of offshore wind turbine foundations. Another benefit of the bucket foundation is its 
possibility of reuse and recycling if a wind farm is to be decommissioned at the end of service life. 
In this case, the bucket can be lifted out from the seabed by reversing the suction procedure by 
means of applying water pressure into the bucket skirt.  
In countries like Denmark and the UK wind farms are being planned at 35−55 m water 
depth in the North Sea, primarily due to the lack of offshore areas with smaller water depths. This, 
in return, might create additional loading on offshore wind turbine structures due to waves and 
current. As a result, application of the monopile foundation becomes limited as its stiffness is 
considerably smaller compared to other foundation solutions for deeper waters. Consequently, 
additional research on hydrodynamic loading on substructures of wind turbines is required. 
The present research focuses on such loading of a transition piece (TP), here defined as a 
structural element positioned between the wind turbine tower and the bucket foundation. Currently, 
wedge-shaped steel flange-reinforced stiffeners connected to the lower part of the tower and 
radially positioned on top of the bucket lid are used as TPs for bucket foundations. However, 
production and installation of these stiffeners is time-consuming and expensive, since extensive 
welding followed by reliable corrosion protection is required. Besides, repeated wave and wind 
action can cause fatigue at the welded joints and, consequently, deterioration of steel over time. 
Thereby, finding an additional solution for the TP production without compromising its stiffness 
and strength, along with avoiding significant increase in wave loads and keeping the manufacturing 
costs low would be a desired outcome of the present study.   
Nezhentseva et al. [1,2] proposed Compact Reinforced Composite (CRC) as an alternative 
to steel for the production of a TP. CRC is a high performance steel-fibre reinforced concrete 
developed at Aalborg Portland A/S, Denmark. It normally contains 2−6% by volume of 0.16×6 mm 
or 0.4×12.5 mm steel fibres. Research carried out by Nezhentseva et al. [1,2] resulted in the 
proposal of several shapes of the TPs for future investigation with respect to hydrodynamic loading 
as well as potential threat of seabed scour. Due to the complexity of the geometry of the proposed 
shapes of the TPs, determination of wave loads is complicated.  
This paper presents results from small-scale tests in which the wave forces on transition 
pieces with different shapes and intended for use at water depths of about 35 m have been found. 
The motivation for the experiments is to obtain a description of wave forces acting on various forms 
of TPs as the hydrodynamic loading on the TP itself is part of the design loop with respect to its 
load bearing capacity. Furthermore, for such structures compared to a monopile there are much 
higher uncertainties on the load coefficients, and shielding effects can occur.  
The present paper is organised as follows: Section 2 presents state of the art, Section 3 describes 
hydrodynamic loading, wave theories, scaling law used in the small-scale tests, load models and load 
coefficients, Section 4 covers the experimental setup, Section 5 reviews methodology, Section 6 
presents the results, main findings, discussion and modelling inaccuracy and, finally, Section 7 
summarizes the conclusions. 
 
2. Literature review 
 
Currently, physical hydraulic model tests (small-scale or prototype) and various numerical 
computational models simulating wave forces and wave run-up phenomena are used for prediction 
and evaluation of hydrodynamic loading on offshore wind turbine structures. Computational Fluid 
Dynamics (CFD) modelling based on the Navier−Stokes equations has become widely used within 
recent years for analysis of the flow problems for offshore wind turbine foundations and is often 
considered an alternative to physical laboratory tests. Different programs and codes exist that are 
able to provide an insight into the physics of the hydrodynamic problem. For example, DHI in 
Denmark developed the CFD code NS3 based on a three-dimensional (3D) Navier−Stokes solver. 
Description and validation of the method can be found in Mayer et al.[3], Emarat et al. [4], Nielsen 
and Mayer [5], Christensen [6], Bredmose et al. [7] (reproduction of extreme wave loads on a 
gravity wind turbine foundation), and Christensen et al. [8] (wave forces and wave run-up).  
Wave−current interaction is not taken into account in the present study but should normally be 
investigated for deeper water depths where current action becomes significant. For example, Li et 
al. [9] carried out physical model experiments on the in-line and lift forces on vertical piles induced 
by irregular waves combined with currents. Lately, Markus et al. [10] developed a numerical wave 
channel for realistic offshore conditions for gravity base foundations subjected to wave−current 
interaction. This wave channel utilized the CFD software package OpenFOAM based on the 
solution of the unsteady Reynolds-averaged Navier−Stokes (RANS) equations combined with a 
non-linear wave model (two equation turbulence model) and the Volume-of-Fluid method to 
simulate an unsteady sea state. 
Wave induced forces on cylinder members were investigated extensively over the last 
several decades by, among others: Sarpkaya [11], Sarpkaya and Isaacson [12], and Chakrabarti 
[13,14].  Experimental studies were carried out on wave loading on a slender cylindrical pile in 
shallow waters, see, i.e. Peeringa [15], Larsen and Frigaard [16]. By means of large-scale laboratory 
tests, Mo et al. [17] validated the results obtained with a 3D numerical model of non-breaking wave 
forces on slender piles based on Euler’s equations.  Moreover, a 3D numerical wave basin model 
developed using the multi-physics finite-element based nonlinear numerical code LS-DYNA, 
containing both fluid and structural models, was used by Zhang [18] to evaluate results of 
experiments on tsunami solitary wave impact on a vertical cylinder. Detailed investigation of the 
vertical distribution of the wave forces on circular cylinders was performed by Høgedal [19]. 
Breaking and wave slamming loads acting on a monopile as well as wave run-up phenomenon have 
been studied, among others, by Wienke et al. [20], de Vos et al. [21], Christensen et al. [8] and 
Lykke Andersen et al. [22].   
Moreover, Lykke Andersen and Frigaard [23] performed a set of prototype large-scale tests 
on a concrete cone and monopile foundations in 9−15 m water depth. Besides, Modridge and 
Jamieson [24] experimentally measured wave forces and overturning moments on large vertical 
caissons of square shape oriented either with one side perpendicular to the direction of wave 
propagation or with the sides rotated 45º relative to the wave propagation direction. They confirmed 
the obtained results using an approximate theoretical method based on the diffraction theory of 
MacCamy and Fuchs [25]. Furthermore, Au and Brebbia [26] applied the boundary element method 
(BEM) for computing wave forces on cylindrical offshore structures of circular, square and 
elliptical shape and compared the solutions against analytical or experimental results. Numerical 
calculations of forces induced by short-crested waves on vertical cylinders of circular, elliptical and 
square cross-sections using the BEM were also performed by Zhu and Moule [27]. In their work 
they investigated short-crested waves, known to represent waves generated by winds in the ocean 
more accurately, but diffracting and reflecting in a more complex manner than plane waves. A 
comparison was made with plane waves with the same total wave number, finding that the wave 
loads induced by short-crested waves produce larger wave forces on a cylinder of non-circular 
cross-section. General lack of research, however, exists in the area of assessment of hydrodynamic 
loading on various types of offshore wind turbine foundations, i.e. 3− or 4−legged jackets, bucket 
foundations with different transition pieces and gravity foundations located in deep waters.  
 
 
3. Hydrodynamic Loading 
 
Differences in wave kinematics might cause variations in the results of the experiments on 
hydrodynamic loading. Generally, wave load experiments can be used for validation of numerical 
wave load models, as well as for estimation of the load coefficients for inertia and drag in the 
Morison equation. Furthermore, undisturbed wave kinematics, which is used as an input for the 
Morison equation, can be measured in the wave flume at the location of the model without the 
structure itself. Finally, wave loads acting on the model can be calculated using a carefully selected 
wave theory and a proper load model and compared with the laboratory wave load measurements.  
 
3.1. Wave theories 
Several wave theories representing the kinematics of hydrodynamic loading can be applied for 
calculation of wave loads. The choice of a suitable wave theory can be made based on the range of 
its validity, water depth and type of waves, i.e. breaking, non-breaking, post-breaking. Several 
analytical or numerical wave theories are used to represent the kinematics of regular waves. 
According to the Offshore Standard DNV-OS-J101 [31] the following theories are used for 
characterizing hydrodynamic loading: for small-amplitude deep water waves − Linear wave theory 
(or Airy theory, [32]) with a sinusoidal wave profile; for high waves − Stokes wave theories [33]; 
for shallow water waves − Boussinesq higher-order theory and Solitary wave theory. Moreover, 
stream function theory based on numerical methods where nonlinear equations can be 
simultaneously solved was introduced by Dean [34]. This theory precisely represents the wave 
kinematics and can be used for a wide range of water depths. Moreover, according to among others 
LeMehaute et al. [35] and Dean [36], stream function theory has a better fit to measured laboratory 
wave data compared to the results from Stokes wave theory known to break down in shallow waters 
(see, e.g. Fenton [37]). 
Normally, for the given wave parameters wave kinematics can be calculated using a relevant 
wave theory. Linear wave theory (LWT) is known to be the least complicated theory, but it is, 
however, limited to the design of non-breaking waves with small wave height, H, compared to the 
wavelength, L, and water depth, h, i.e. small values of H/L and H/h. In reality, waves are not regular 
sine-shaped monochromatic waves and, therefore, LWT can lead to unsafe design. Stream function 
and linear wave (Airy or Stokes 1st order) theories can predict well the kinematics for non-breaking 
waves and underestimate it for breaking and post-breaking waves, thus becoming insufficient for 
further estimation of the wave loads.  
Nonlinear wave theories (the Stokes 5th order theory or stream function theory) are 
currently used in case regular waves are used for ULS design of the offshore structures and are best 
suitable for waves in deeper water. Moreover, Fenton [37] developed a fifth-order cnoidal wave 
theory for waves in shallower water and compared its numerical results with experimental 
measurements. According to his findings, the high-order cnoidal wave theory gives quite accurate 
results for wavelengths greater than eight times the water depth and should be used as an alternative 
to fifth-order Stokes wave theory.  Furthermore, stream function theory can be applied to non-linear 
theoretical wave and can be employed to represent wave conditions with uniform steady current. 
The form of a stream function is selected in such a way that it is a solution to Laplace’s equation. 
Stream function theory is a more accurate method compared to linear wave theory, especially in 
case if the wave height is greater than 50% of the breaking height (see, e.g. Dean [34]). The higher 
order wave theories take into consideration the influence of the wave itself on its characteristics 
(wave length, phase velocity, shape of the surface).  
 
3.2. Load Models 
Wave load prediction theories should properly take into account the type, shape and size of the TP 
for an offshore wind turbine. The Morison equation (see Morison et al. [38]) is normally applied to 
calculate the wave loads for slender structures, such as jacket structure components and monopiles 
according to DNV-OS-J101 [31]. The Morison load formula is a sum of an inertia force 
proportional to acceleration and a drag force proportional to the square of velocity. In addition, the 
Morison equation only takes into account horizontal loads, but when the TP has oblique or doubly 
curved surfaces as suggested in the previous study [1,2], the dynamic pressure from the water acts 
perpendicular to the inclined surfaces of the foundation; see Figure 1 showing the dynamic pressure 
distribution from the wave loading around a monopile (Figure 1a) and two shapes of the TPs on the 
bucket foundations (Figure 1b and 1c) installed in deep water depths (> 35 m). Each side of the 
foundation experiences time-varying wave forces from fluctuating dynamic wave pressures 
differing on the up-wave and down-wave sides. Under the wave crest (up-wave direction) the 
dynamic wave pressure is positive, and it applies compression on a foundation, shown on the left of 
the substructures. Under the trough (down-wave direction) the dynamic pressure is negative, and 
there is a drag (suction) on the right side of the foundations.  
 
 
 
Figure 1: A sketch of the maximum inertia pressure distribution around different types of 
foundations for offshore wind turbines: a) monopile; b) suction bucket with conical shell transition 
piece. c) suction bucket with doubly curved shell transition piece. 
 
It is assumed in the Morison equation that the liquid particles follow a path, where an 
individual particle moves around the foundation at the same level. In reality, fluid particles will 
move towards minimum drag and, therefore, have a trajectory such as the particles pass the TP in 
the area of its smallest diameter. This will affect the loading of the TP, as the attack points of the 
wave forces will become too low compared to reality. On the other hand, moment contributions 
from the pressure components that act perpendicular to the inclined surfaces will lead to the 
reduction of the moments. These two effects will work against each other. Therefore, for a bucket 
foundation with a traditional TP connected directly to the wind tower (resembling a monopile), the 
moment reduction could be expected; while for the other two forms (Figure 1b-1c) an increase of 
the moment contributions is anticipated. 
Wave diffraction analysis, however, shall be carried out to investigate local (pressure force) 
and global wave loads for large volume structures, e.g. gravity foundations. For these types of 
offshore structures the wave kinematics is expected to be disturbed by the presence of the structure.  
When the diameter of the TP becomes larger than 1/5 of the wavelength, the Morison equation will 
be no longer valid as diffraction and reflection of the waves should be taken into consideration. 
Inertia term for such cases can be calculated using the MacCamy-Fuchs solution [25] in 
combination with the drag force calculated according to the Morison equation (see, e.g. DNV-OS-
J101 [31]) or using various numerical calculation programs. The Morison equation, where the 
MacCamy-Fuchs solution is used for calculation of the inertia term, applies, however, only for 
circular cylinders and can, thereby, be only an approximate solution for TPs with a varying 
wave
 propagation
a) b) c)
diameter over depth. Wave forces acting on such structures with inclined surface areas can be 
calculated by subdividing the overall height into small sub-elements of the height Δh, where the 
wave forces are assumed to attack at the centre of each sub-element. For each sub-element, 
Simpson integration can be performed and the related moment reaction at the seabed can be found. 
The resultant force will be a sum of the wave forces acting on all the elements and the 
corresponding attack point can be found by dividing the resultant moment reaction by the resultant 
wave force. More advanced models, such as Boussinesq wave model (see, e.g.  Madsen [39]) and 
the wave impact load model of Wienke [40], are suggested to be used if breaking waves becomes an 
issue.  
 
3.3. Scaling 
According to the Offshore Standard [31], hydrodynamic model tests or full scale measurements 
should be carried out to support theoretical predictions subjected to significant uncertainties. These 
tests are supposed to verify the above mentioned available analytical methods, to support theoretical 
calculations when the wave load prediction theory is prone to large uncertainties, and to check that 
important hydrodynamic features have not been disregarded by altering the wave parameters. Yet, 
in order to make a reliable analysis of the full-scale measurements, sufficient instrumentation, 
costly facilities and environmental conditions recording is normally required. In contrast, small-
scale tests are inexpensive and faster to perform to study hydrodynamic loading phenomenon and to 
make a comparison of the wave loads on various shapes of the TPs in a controlled manner. Small-
scale tests, however, can induce some uncertainties related to scale effects. Reliable results can be 
expected from small-scale tests if the scale effects are insignificant which will be the case if the 
inertia loads are dominating and Froude scaling is applied. In these tests the length-scale factor 
(Froude) is 𝛼𝐿 = 1: 100. Furthermore, the characteristic Reynolds number in the models experiments 
is normally less than its critical value for which the drag coefficient has the smallest value. This will 
lead to the values of the wave loads to be on the unsafe side. If the drag is significant, the model 
results will usually be conservative.  
Normally models tested in the scale-model testing have a smooth surface, whereas the 
surface of the prototype models installed offshore can be initially smooth but become rough over 
time due to marine growth development. Besides, marine growth increases the cross-sectional 
dimensions of the substructure below the water table. Hence, the volume and the mass of the TP 
structure will also increase. The combination of these factors will consequently lead to increase of 
the wave forces acting on the TP structure. Therefore, it is important to choose a proper drag 
coefficient for the wave load calculations on the prototype using the Morison equation and increase 
the model dimensions by accounting marine growth based on recommendations from standards, e.g. 
DNV-RP-C205 [41]. 
 
3.4. Load Coefficients 
The drag (CD) and the inertia (or mass) (CM) coefficients used in the Morison´s load formula depend 
mainly on the Keulegan-Carpenter number  𝐾𝐶 = 𝑉𝑚∙𝑇
𝐷
,   the Reynolds number 𝑅𝑒 = 𝑉∙𝐷
𝜈
 and the 
roughness 𝛥 = 𝑘
𝐷
 (DNV- RP-C205 [41]). For prototype conditions, the Reynolds number is so large 
that fully turbulent flow exists and, thus, the load coefficients become independent of 𝑅𝑒. The 
following wave characteristics have been reported for a 50 year return period and 35 m water depth 
at several locations in the North Sea along the British coast by a met ocean design data report from 
a reliable source in the Danish energy sector [42]: maximum wave height Hmax = 14−16.2 m, 
significant wave height Hs = 7.5−9.4 m and peak wave period Tp = 10.3−14.2 s. Høgedal [19] refers 
to a natural extreme situation for a prototype with Hs = 11 m and Tp = 16 s. Plunging breaking 
waves are not likely to be observed in-situ according to the Danish report [43] and Peeringa [15], 
stating that wave breaking is insignificant in the North Sea for water depths greater than 20 m. 
Therefore, for a monopile prototype placed in the North Sea in a natural extreme situation (D = 7.5 
m; h = 35 m and t = 10ºC) with highly irregular waves generated by a storm with significant wave 
heights Hs = 7.5−11 m and peak periods Tp = 10.3−16 s, the following variations will be expected 
for the design wave:  9 < KC < 27 and 5·107 < Re < 1·108.   As for the laboratory experiments, the 
Reynolds number Re is 1001.5 = 1000 times smaller disregarding any differences in viscosity.  
According to DNV-OS-J101 [31] for 30 to 40 m water depths in the southern and central 
parts of the North Sea, CD = 0.8 and CM = 1.6 for prototype conditions with high Re (Re > 106). 
Surface roughness depends on the material used for the production of the TP structures, whether the 
surface is newly coated or corroded, and on the presence of marine growth which will increase the 
cross-sectional dimensions of the TPs (see, i.e. DNV-RP-C205 [41]). The effect of marine growth 
should also be considered when selecting drag coefficients. Consequently, for Re > 106 and large 
KC numbers (KC > 20−50) when the drag force is dominating compared with the inertia force, CD = 
1.05 and the asymptotic value for the added mass coefficient CA = 0.2 (CM = 1 + CA = 1.2) for rough 
cylinders (𝛥 > 10-2), respectively (DNV-RP-C205 [41]). As a result, for a prototype located at 35 m 
water depth with supercritical Re and rough surface of the structures the expected values of the CM 
and CD coefficients will be in the range of CM = 1.2 – 1.6 and CD = 0.8 −1.05. 
As for the model conditions with lower Re and smooth surface of the structures, for KC < 3 
the expected mass coefficient will be CM = 2.0, while for larger KC numbers the added mass 
coefficient will be CM = 1.6 (DNV-RP-C205 [41]). As for the drag coefficient, for KC > 20−50, Re 
> 106 and 𝛥 < 10-4 CD = 0.65 (DNV-RP-C205 [41]). These values are in good agreement with the 
results for the drag coefficient CD ≈ 0.65−0.7 for the smooth model cylinder obtained by Sarpkaya 
and Isaacson [12] for KC = 20-30 and Re = 1·105.  
 
4. Experimental setup 
 
Laboratory experiments were carried out in a wave flume at Aalborg University, Denmark. The 
layout of the basin is shown in Figure 2. The flume was 1.2 m wide, 18.65 m long and up to 1.5 m 
deep. A sloping stone layer (absorption beach) was used in the end opposite to the wave generator 
to absorb the main part of the incident energy from waves and to reduce their reflection. The bottom 
of the wave flume was horizontal in the middle, where the model was placed, followed by slopes 
towards the absorption beach and the wave generator. The water depth at the model was 0.35 m 
while the water level at the wave maker was 0.75 m.  
The surface elevations were measured with three resistance-type wave gauges in order to 
isolate the incoming and reflected waves. The middle wave gauge was located 1.9 m in front of the 
centre of the model (see Figure 2). The wave loads acting on the monopile and various shapes of the 
TPs were transferred to a force transducer connected to the top of the models. The force transducer 
had strain gauge full bridges placed at two sections. The transducer was calibrated in such a way 
that the output voltage could be transformed into moments at these two sections which were further 
converted to force and corresponding attack point. There was a small gap between the bottom of 
each TP model and the wave flume, which was done in order to make sure that all the wave loads 
had been transferred to the force transducer. If forces acting on the TPs, on the contrary, were to be 
delivered to the bottom of the flume, the wave loads could not have been measured. On the other 
hand, placing the models above the seabed level might have provided a model error, since it caused 
a flow below the TPs. The transducer was chosen so stiff that no significant dynamic amplification 
of the loads occurs for non-breaking waves. 
 
Figure 2.  Layout of the wave flume for wave force measurement. 
 
 
5. Methodology 
 
Two loading situations are considered with the incoming regular and irregular waves. Comparison 
of the experimental measurements is performed for a reference case (monopile) to the calculated 
load estimations using different wave theories. The desired outcome of the wave experiments will 
be finding a shape of the TP with a better performance in a deep water wave environment, studying 
the effect of cutaways on the wave loading as well as further recommendations for the design of the 
TPs on the bucket foundations. 
Eight models were suggested for the experimental study of wave loading on various shapes 
of the TPs on bucket foundations. The diameter of the tower used for the experiments was 7.5 cm, 
the bucket foundation diameter was 20 cm. The description of the laboratory models is given in 
Table 1 and the models are shown in Figure 3. 
The choice of the models was based on the structural optimization performed in the earlier 
research work done by Nezhentseva et al. [1,2,28]. The same TP models were tested for scour 
development and the results were presented earlier [28]. A smooth cylinder with diameter D = 
0.075 m was chosen as a reference case reproducing a monopile foundation. Model TP2 
characterizes the current solution used in the design of the TPs for bucket foundations suggested by 
Universal Foundation A/S, Aalborg, Denmark.   
Model TP3 was chosen earlier as the one providing a smooth force transition from the wind 
turbine tower to the bucket foundation at the convex and concave parts [2]. Conical shape models 
TP5-TP7 were also shown to provide a uniform force distribution from the tower to the bucket skirt 
[1]. Initially, a decision regarding removing part of the material and creating several cutaways was 
made with the intention of saving some material (CRC) and minimizing potential scour (see 
Nezhentseva et al.[2,28]). In this research cutaways were further examined for potential reduction 
of wave forces acting on the substructures. From a structural point of view model TP6 with large 
oval holes is prone to buckling which might occur under concentrated loads due to bearing 
compressive stresses from self-weight of the wind turbine tower combined with wind and wave 
loading. Hence, structural design of the model TP7 took into consideration instability risk by having 
additional horizontal stiffeners providing extra stability to the TP structure. The final conical model 
(TP8) − a 6-legged TP structure with hollow circular columns made of CRC − had six round 
streamlined members.   
 
 
 
Table 1. Laboratory scale models description 
Acronym Description of the model 
 Monopile (D = 0.075 m) 
TP2 Traditional TP with ribs, flanges and holes in ribs (steel) 
TP3 Doubly curved solid TP (CRC) 
TP4 As TP3 but with 3×8=24 circular hole array with different diameters through the 
height (CRC) 
TP5 Truncated conical solid TP (CRC) 
TP6 As TP5 but with 6 oval holes (CRC) 
TP7 As TP5 but with 3×6=18 trapezoidal hole array (CRC) 
TP8 TP with six round-shaped legs (CRC) 
 
Model TP8 was chosen for investigation and comparison of the effect of the streamlined 
elements (columns) and the sharp edges of simple cutaways implemented in models TP4, TP6 and 
TP7 on the wave forces. Cutaways and streamlined elements would be expected to reduce the wave 
forces acting on the substructures. Furthermore, in case of achievement of the reduction of the wave 
forces acting on the TPs, optimization of the cutaways can be expected to be performed not only 
according to structural performance, but also according to wave loading.      
During the experiments the cutaways of the models TP6 and TP7 were oriented with respect 
to wave direction as shown in Figure 4. TP6 was oriented with its oval cutaway towards the 
upcoming wave, whereas TP7 faced the waves with a solid part with three trapezoidal holes 
symmetrically placed to both of its sides. Although orientation of the cutaways might have some 
influence on the wave forces, it has not been studied in the present work. 
The natural frequency and damping ratio in water, i.e. including added mass, was measured 
by applying an initial movement to the models and are summarized in Table 2. In order to minimize 
the influence of the high frequency noise, the data of the wave tests was filtered by a digital filter 
with a cut-off frequency of 5 Hz. A digital filter was also applied to remove dynamic amplification 
and, thus, convert loads to an infinite stiff structure. The sampling frequency was chosen to 20 Hz.  
 
 
Figure 3. Laboratory scale models of the transition pieces on bucket foundations 
Table 2 Eigen frequencies and damping ratios for the TP models            
Model Monopile TP2 TP3 TP4 TP5 TP6 TP7 TP8 
Eigen 
Frequency 
[Hz] 
4.416 3.757 2.623 3.57 2.502 3.927 3.789 3.387 
Damping 
Ration 0.024 0.054 0.017 0.040 0.045 0.057 0.063 0.049 
 
  
Figure 4. Positioning of the models TP6 (to the left) and TP7 (to the right) regarding the waves during the 
experiments.  
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5.1. Regular waves 
Regular waves of varying height were generated in the laboratory experiments by second order 
control signal in accordance with Schäffer [43]. All tests with regular waves were conducted with a 
water depth of h = 0.35 m, a wave period of T = 1.4 s and assigned wave heights of H = 0.02−0.24 
m with a step of 0.02 m (corresponding to 35 m, 14 s and 2−24 m, respectively, in prototype scale). 
Twelve tests were performed on each model for a duration of 1 minute. The water depth to 
wavelength ratio in the experiments was h/L = 0.14, which corresponds to intermediate depth. The 
regular wave loads within the reference case, i.e. the monopile, were directly compared to the 
calculated Morison forces, determined using kinematics of the linear and stream function wave 
theories. It was observed during the experiments that the generated waves were close to regular over 
the duration of one test. 
 
5.2. Irregular waves 
In real sea conditions, there are no periodic regular waves, only irregular waves. Therefore, 
irregular waves were generated in the experiments in order to obtain a more realistic presentation of 
the sea state. Breaking waves were not observed during the experiments. Irregular waves were 
generated using linear theory and a JONSWAP spectrum defined according to ISO19901 [44] with 
a peak enhancement factor 3.3 with two assigned significant wave heights of Hs = 0.095 and 0.115 
m and a peak period Tp = 1.4 s (equivalent to 9.5; 11.5 m and 14 s in prototype conditions). During 
each test 1000 irregular waves were generated.  
 
6. Results and discussion 
6.1. Regular waves 
Average maximum peak forces and moments are plotted against wave heights for various TP 
models in Figures 5 and 6 and are compared to the experimental results for the reference case 
(monopile). For the monopile, the calculated loads using the Morison equation and stream function 
wave theory (SFWT) and linear wave theory (LWT) are also included.  The load coefficients were 
taken as best fit constant values being CD = 1.5; CM = 2 and CD = 0.8; CM = 2 for LWT and SFWT, 
respectively, which for SFWT are in agreement with the expected values from Section 5. Using 
these coefficients the horizontal maximum forces and moments are generally in good agreement 
with the calculated values, however with some scatter, especially for the moments resulting from 
the higher waves (Figure 6a).This might be due to the fact that the Morison equation provides a 
simple estimate of the loads on the monopile. Moreover, possible deviation between the 
experimental results and the theory could be due to the drag coefficient CD varying with Re and, 
thus, wave height and surface elevation. 
a)  
b)   
Figure 5. a) Average maximum peak forces vs. wave height (LWT: Linear wave theory; SFWT: 
Stream function wave theory), Morison load model. b) Average maximum peak forces vs. wave 
height normalized with ρgH. 
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Figure 6. a) Average maximum peak moments vs. wave height (LWT: Linear wave theory; SFWT: 
Stream function wave theory), Morison load model. b) Average maximum peak moments vs. wave 
height normalized with ρgHh. 
 
CM was estimated reasonably accurate and fit well in the area with inertia dominance (i.e. the small 
wave heights). Overall, a better fit of the experimental results was observed with the SFWT and, 
therefore, this theory was further used in the analysis of the wave forces on various TPs. 
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Furthermore, calculation of hydrodynamic loads on the solid conical model TP5 was 
included using the Morison equation and SFWT by dividing the height of the substructure into 
several discs of height Δh = 0.1 m with a constant value of the diameter with the load coefficients 
CD = 0.8; CM = 2. A good fit was achieved for the wave heights H < 0.16 m for the maximum peak 
forces (as shown in Figure 5), even though the maximum forces obtained from the tests were for the 
smallest waves lesser than the calculated. Generally, the experimental maximum moments were 
larger than the calculated moments using SFWT (see Figure 6). This might be explained by the flow 
of the water particles around conically-shaped models. In the experiments, the water particles will 
try to move upwards, as it is easier for the flow to pass the foundation, where the diameter is 
smaller (i.e. where D = 0.075 m). In the Morison equation it is, however, assumed that the water 
particles follow a path, in which each individual particle moves around the foundation at the same 
level. This is expected to be the reason for this observation. On the other contrary, the moments 
acting on TP2 were smaller than the moments acting on the monopile even though the forces acting 
on it were higher as earlier discussed in Section 3.2. 
Comparison of the wave forces acting on the TPs shows that the best performance in terms 
of wave loads was achieved for the traditional design TP2 and solid doubly curved model TP3. The 
moments from the hydrodynamic loading acting on the models TP2 and TP3 were comparable to 
the moments from wave forces acting on the monopile (Figure 6). Cutaways introduced to the 
doubly curved model TP4 were efficient only for the small wave heights less than H = 0.06 m. 
Moreover, implementation of cutaways into the conical models TP6 and TP7 contributed to the 
reduction of wave forces, yet only at the wave heights smaller than H ≈ 0.13−0.15 m, 
correspondingly (Figure 5). The explanation of this phenomenon is the following: for lower wave 
heights, inertia dominates. In contrast, for higher wave heights and, hence, larger wave crest 
velocity and KC numbers, the drag becomes important and the sharp cutaways create separation, 
contributing negatively to the wave force reduction. 
Moreover, the reduction of the moments acting on the TP6 and TP7 was achieved only for 
the wave heights less than H ≈ 0.09−0.10 m, respectively, (Figure 6) compared to the solid model 
TP5. In contrast, conical model TP8 with six streamlined circular elements was not as effective in 
terms of wave force reduction as the models TP6 and TP7 for the wave heights lower than H = 0.04 
m, but it soon showed a better performance for the higher waves. Furthermore, model TP8 was 
efficient with respect to moment reduction for the wave heights up to H = 0.18 m, whereas the solid 
conical model TP5 showed a better performance for the higher waves. 
In addition, maximum peak moments and forces were normalized with respect to the results 
for the reference case – monopile with D = 0.075 m − using the stream function wave theory 
(SFWT) selected as the one earlier providing the better fit. The experimental results for H = 0.24 m 
were excluded from this study as the SFWT could not converge for this wave height and were 
plotted against wave heights as shown in Figures 7 to 8. The volume of the monopile and other TPs 
was calculated for the comparison of the normalized forces and moments for 35 cm water depth. 
The volume of the monopile was 1547 cm3, doubly curved model TP3 − 1701 cm3 (1.1 times the 
volume of the monopile), and truncated conical model TP5 − 4410 cm3 (2.85 times the volume of 
the monopile).  
Generally, the traditional transition piece TP2 showed the best performance in terms of 
wave force reduction (Figure 7) with 1.17−1.39 times the calculated value for the monopile using 
SFWT. The maximum normalized wave forces, acting on the doubly curved models TP3 and TP4 
were 1.73 and 1.31 times the maximum force acting on the monopile calculated using SFWT for the 
wave height H ≈ 0.018 m. Moreover, for the wave height H ≈ 0.21 m they were 1.55 and 1.76 times 
the maximum force acting on the monopile. 
The normalized force curve for the solid truncated conical model TP5 started much higher 
than for the models with cutaways TP6 and TP7 (see Figure 7) and was 2.39 times the maximum 
force acting on the monopile calculated using SFWT for TP5 vs. 1.20 and 1.10 times for TP6 and 
TP7, respectively. It is interesting to observe that for models TP6 and TP7 the force curves start 
very close to the force curve for TP2 and finish almost at the same point for TP6 and TP7, while the 
curve for TP6 lies higher than one for TP7, showing a positive effect of the smaller multiple 
cutaways.  Initially, for the wave heights up to H ≈ 0.12 m the normalized force curve for TP5 
reached a plateau of almost constant value of 2.32−2.48 times the reference case. For the truncated 
conical models TP6−TP7, a positive effect of the cutaways was more pronounced for the small 
wave heights. 
Moreover, steep growth was detected for these models for both the normalized force and 
moment curves for the wave heights up to H ≈ 0.16 m and H ≈ 0.08−0.1 m, respectively, followed 
by a steady decay before almost merging at H ≈ 0.22 m for the normalized force curves. For the 
model TP5 decay of the normalized force curve resulted in a better performance in terms of 
reduction of hydrodynamic loading for the waves higher than H ≈ 0.15 m compared to the models 
TP6−TP7. The maximum normalized wave forces, acting on TP5, TP6 and TP7 were 1.90, 2.14 and 
2.15 times those for the wave height H ≈ 0.2−0.21 m. Furthermore, a steady decay of the 
normalized moment curve was observed for TP5 and a better performance was achieved compared 
to the models TP6−TP7 when the wave heights were larger than H ≈ 0.12 m. Model TP8 with 
streamlined elements performed better than the models TP5−TP7 and was 1.62−1.92 times the 
maximum force acting on the monopile. 
 
 
Figure 7. Maximum peak forces vs. wave height normalized with results for monopile and stream 
function wave theory (SFWT) 
 
Figure 8. Maximum peak moments vs. wave height normalized with results for monopile and 
stream function wave theory (SFWT) 
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6.2. Irregular waves 
Maximum forces and moments for the TP models are presented in Table 3. In Figure 1 of the 
appendix the points of attack and the moments are presented for all the models as functions of the 
horizontal forces for two assigned irregular wave loading scenarios: Hs = 0.095 and Hs = 0.115 m, 
Tp =1.4 s in model scale corresponding to  Hs = 9.5 and Hs = 11.5 m, Tp = 14 s in prototype 
conditions. Figure 1 of the appendix shows that the maximum horizontal wave forces did not attack 
at the highest points of application. Moreover, the maximum moment normally occurred at the same 
time as the maximum horizontal force. Therefore, transition pieces must be dimensioned for the 
maximum horizontal force corresponding to the point of application, since this also gives the 
maximum moment. On the contrary, in the design of the substructures where the maximum 
horizontal force does not attack at the highest point of application, combinations of the horizontal 
forces and moments must be used, as it might be not clear which combination is worst. Moreover, 
the resultant horizontal forces have attack points that lie below the mean water level due to inertia 
dominance and also due to the largest volume of the lower part of most foundations. Another 
expected observation is that the positive horizontal forces were generally larger than the negative 
and attacked slightly higher. A final observation from Figure 1 in the appendix is that there were 
some points where the horizontal forces were substantially greater than the remaining points and 
formed additional curves parallel to the main solid-bodied curve.  This could have been due to 
extreme waves the occurred during the experiments.  
Table 3. Maximum forces and moments for the TP models. 
Model 
Irregular wave conditions Max. Force 
F 
[N] 
F 2% 
Max.Peaks 
[N] 
Max. 
Mom.
M 
[N·m] 
M 2% 
Max.Peaks 
[N·m] Hs [m] 
Ts 
[s] 
H2% 
[m] 
Hmax 
[m] 
Monopile 
0.091 1.331 0.129 0.170 7.64 5.009 1.957 1.227 
0.108 1.337 0.148 0.194 9.714 6.024 2.752 1.515 
TP2 
0.091 1.31 0.128 0.199 11.99 6.119 2.578 1.15 
0.107 1.324 0.141 0.197 10.71 7.489 2.269 1.39 
TP3 
0.093 1.33 0.126 0.161 10.34 8.373 1.584 1.23 
0.101 1.326 0.136 0.192 13.08 9.49 2.078 1.43 
TP4 
0.091 1.332 0.119 0.170 11.08 8.582 1.839 1.348 
0.104 1.325 0.138 0.170 12.75 9.919 2.1 1.608 
TP5 
0.089 1.331 0.121 0.184 18.51 11.21 3.013 1.679 
0.104 1.352 0.137 0.187 18.51 12.83 3.027 1.963 
TP6 
0.093 1.329 0.123 0.160 14.84 10.26 2.542 1.744 
0.108 1.325 0.147 0.177 17.75 12.65 3.338 2.206 
TP7 
 
0.086 1.341 0.119 0.150 14.64 9.814 2.856 1.758 
0.099 1.311 0.135 0.172 16.87 11.47 3.211 2.163 
TP8 
 
0.094 1.337 0.127 0.166 12.37 8.76 2.437 1.542 
0.107 1.338 0.146 0.175 14.45 10.13 2.977 1.89 
 
According to Table 3, the highest maximum wave force of FHmax = 18.51 N was acting on 
the truncated conical solid TP5 for both loading cases, while the lowest maximum wave forces of 
FHmax= 7.64 and 9.714 N were applied to the a reference case for Hs = 0.091 and 0.108 m, 
respectively. Moreover, the maximum horizontal forces, acting on the traditionally designed TP2 
and doubly curved models TP3 and TP4, were  1.57, 1.35 and 1.45 times the maximum force acting 
on the monopile for Hs = 0.091−0.093 m, and 1.10, 1.35 and 1.31 times higher, correspondingly, for 
Hs = 0.101−0.107 m. The cutaways, actually, lead to a wave force increase in model TP4 for Hs = 
0.091 m and decreased the hydrodynamic loading for Hs = 0.104 m. 
 The maximum wave forces, acting on the truncated conical models TP5, TP6 and TP7, 
were 2.42, 1.94 and 1.92 times the maximum force acting on the monopile for Hs = 0.086−0.093 m, 
and 1.91, 1.83 and 1.74 times higher, correspondingly, for Hs = 0.099−0.108 m. Model TP8 with 
streamlined elements showed better performance in terms of wave load reduction on the truncated 
conical shaped substructures with 1.62 and 1.49 times the maximum force acting on the monopile 
for Hs = 0.094 and 0.107 m, respectively. Generally, the traditional design TP2 showed the best 
performance with respect to hydrodynamic loading reduction for significant wave height Hs = 0.107 
m. Moreover, the second best result was achieved for the doubly curved models TP3 and TP4, with 
the porous model TP4 being more efficient for the lower significant wave height Hs = 0.091 m, and 
the solid model TP3 showing the better results for both significant wave heights. 
As for the ratios of the maximum moments acting on the TP models to the maximum 
moments acting in the reference case (monopile), the following results were achieved: 1.32, 0.81, 
0.94, 1.54, 1.30, 1.46, and 1.25, for TP2, TP3, TP4, TP5, TP6, TP7, and TP8, respectively, for Hs = 
0.086−0.094 m; and 0.82, 0.76, 0.76, 1.10, 1.21, 1.17, and 1.08, respectively, for Hs = 0.099−0.108 
m. Based on these results, overall, the doubly curved models TP3 and TP4 showed the best 
performance, while the solid model TP3 showed a slightly better result for a lower significant wave 
height. Comparing conical models TP5-TP8, the best performance was observed for TP8 with 
streamlined elements. Furthermore, the cutaways were efficient in terms of reduction of moments 
from the wave forces on TP6 and TP7 for the lower significant height and increased the moments 
compared to the solid model TP5 for the higher significant wave height. 
Results of the wave experiments are compared and shown in Table 4 based on the maximum 
forces and moments from regular and irregular wave loading. The results for the maximum forces 
and moments were moderately close for all cases, except for the models TP5 and TP7, where a 
small deviation was observed.  
 
 
 
Table 4. Comparison of the results of maximum forces and moments from irregular and regular waves 
Model 
Irregular wave conditions Regular wave conditions 
Hmax 
[m] 
Max. 
force 
F 
[N] 
Max. 
mom.
M 
[N•m] 
Hmax 
[m] 
Max. 
force 
Fmax 
[N] 
Max. 
mom.
Mmax 
[N•m] 
Monopile 
0.170 7.64 1.957 0.165 6.77 1.789 
0.194 9.714 2.752 0.196 8.618 2.427 
TP2 
0.199 11.99 2.578 0.198 10.81 2.31 
0.197 10.71 2.269 0.198 10.81 2.31 
TP3 
0.161 10.34 1.584 0.164 10.55 1.71 
0.192 13.08 2.078 0.192 13.55 2.282 
TP4 
0.170 11.08 1.839 0.164 11.66 2.017 
0.170 12.75 2.1 0.164 11.66 2.017 
TP5 
0.184 18.51 3.013 0.18 16.75 2.674 
0.187 18.51 3.027 0.196 17.07 2.828 
TP6 
0.160 14.84 2.542 0.165 15.48 2.668 
0.177 17.75 3.338 0.179 17.1 2.989 
TP7 
 
0.150 14.64 2.856 0.148 11.96 2.185 
0.172 16.87 3.211 0.18 17.14 3.279 
TP8 
 
0.166 12.37 2.437 0.164 12.26 2.26 
0.175 14.45 2.977 0.181 14.44 2.701 
 
 
6.3. Modelling inaccuracy 
This paper presented the hydrodynamic experiments performed in the wave flume. Several errors 
can be induced by conducting the wave experiments in a small-scale laboratory facility (see, e.g. 
Høgedal [19]). The limited width (B) of the wave flume can cause an undesirable blockage effect 
which though is negligible when 𝐵
𝐷
>5−10.   
Another observation should be made regarding fitting the forces and the moments for the 
reference case (monopile) based on the Morison equation and linear wave theory or stream function 
wave theory. In this research, the current velocity U in the flume was assumed to be zero. On the 
other hand, since the wave flume represents a closed basin, the discharge q has to be zero when the 
return flow is fully established in the flume (U < 0). It will eventually happen, however, only after 
some waves. Therefore, there might have been a little difference on the results if q = 0 was used 
instead. 
Finally, the measurements of the wave forces acting on the models TP2, TP4 and TP6−TP8 
are anticipated to be dependent on the orientation of the cutaways towards the current in the wave 
flume, but this effect was not studied. 
 
 
 
7. Conclusions  
 
The aim of the present work was to compare hydrodynamic loading on the various shapes of the 
transition pieces in deep water wave environment, to suggest the shape that could minimize the 
wave forces acting on the substructures and to study the effect of implementation of cutaways on 
the wave loading. 
The experimental results for the monopile matched well with the theoretical values for the 
forces and moments calculated using the Morison equation and stream function wave theory 
(SFWT). A traditional solution for the transition piece and a solid doubly curved model showed the 
smallest increase in loads compared to the monopile.  
Cutaways in the transition piece were quite effective for the low wave heights, but with an 
increase of the wave height, i.e. when the drag term in the Morison equation becomes important, 
they were not further effective with respect to wave force reduction. In general, cutaways have 
shown to have the negative effect on the forces compared to the solid substructures of the same 
shape. However, cutaways introduced in the form of streamlined columns, or legs, have shown to 
reduce the forces on the conical shape and, thus, should be studied further. It can be also concluded 
that the form of the cutaways for the transition pieces should be optimized not only with respect to 
structural performance, cost or material savings, but also with respect to reduction of the 
hydrodynamic loading on these substructures.   
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Figure 1: The point of attack as a function of the horizontal force (to the left). Moment as a function 
of the horizontal force (to the right): 1) assigned Hs = 0.095 m, Tp = 1.4 s (Fig. 1.1-8.1, TP1-TP8 ); 
2) assigned Hs = 0.115 m, Tp = 1.4 s (Fig. 1.2-8.2, TP1-TP8 ).For the reference case (monopile) the 
figures are also given for 3 consecutive waves. 
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NOTATION 
𝐵          width of the wave flume [m] 
𝐶𝐷          drag coefficient 
𝐶𝑀          inertia (mass) coefficient 
𝐶𝐴          added mass coefficient  
𝐷           diameter [m] 
F           maximum wave force (irregular wave conditions) [N] 
Fmax      maximum wave force (regular wave conditions) [N] 
FHmax    highest maximum wave force [N] 
F2%         maximum peak force for the wave height with an exceedance probability of 2% [N] 
g            acceleration of gravity [m/s2] 
h            water depth [m] 
H            wave height [m] 
H2%        wave height with an exceedance probability of 2% [m] 
Hs           significant wave height [m] 
Hmax       maximum wave height [m] 
k             roughness height [m] 
KC         Keulegan-Carpenter number 
L            wavelength [m] 
M            maximum moment (irregular wave conditions) [N·m] 
Mmax      maximum moment (regular wave conditions) [N·m] 
M2%         maximum peak moment for the wave height with an exceedance probability  
              of 2% [N·m] 
q            discharge [m3/s] 
Re          Reynolds number 
t             water temperature of the water in the wave flume [ºC] 
𝑇             wave period or period of oscillation [s] 
Tp          peak wave period [s] 
𝑈            current velocity [m/s] 
𝑉             total flow velocity [m/s] 
𝑉𝑚           maximum orbital particle velocity at the wave crest [m/s] 
𝜈             fluid kinematic viscosity [m2/s]  
𝛥            nondimensional roughness 
ρ           mass density of water [kg/m3] 
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